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ABSTRACT

The temperature dependence of the Ho-ion fluctuation rate
‘1 in the pseudoternary compound HoxLul-xRh4B4 is obtained‘m

uoing the zero-field mon epin relaxation technique, primarily
for x = 0.02. A sharp reduction i-~ the magnit ude and a change in
the temperature dependence of Ym occ “r at the superconducting
trtinel ion temperature Te.

-’i
Above Te trle temperature dependence

of T= can be attriwted to an activated relaxation procaea,
whereby fluctuations occur by excitation to the firet few
crystal-field-split states. Neither ~J,e temperature dependence
nor the nharp change in ~ -1

T
at T < “A’nare preeently understood.

The data are contracted w th the recent NMRdata of Kumep,Il and
Fradin for dilute Cd- and Er-baeed rhodium borides, which have
very different cryetal-field-induced lwal echamee from

lloxLul-xRh4B4 .
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1. INTRODUCTION

The study of the interplay of magnetism and superconductivity, a topic

1 has received reGewedof interest for some time in solid-etate phyaica,

2 of rare-earthinterest following the discovery by Hatthiae and coworkers

(RE) ternary and pseudoternary compounds which exhibit both magnetic nd

superconducting pha~e tranaitiona. A particular class of these compounds,

the rare-earth rhodium borides (RERh4B4), hae been extensively atudied,3

and thus the ferromagnetic, superconducting, and parama8netic phaae

boundaries for these syeteme are by now well known. 3,4

In previous publicatione5~6 we have reported muon apin relaxation

(IJSR) measurements in the compounds (HoxLul-x)Rh4B4 and (GdxLul-x)Rh4B4 for

x = 0, 0.7, and 1,0. The BSR technique is an excellent local probe of the

+ is frozen in therare-earth dynamics in these systems, both because the v

lattice below about 200 K5 and becauae the ❑eaaurementa can be peliormed

without the perturbative effects of an applied field. A comFarieon of the

I.ISR measurements in the Ho- and Cd-baaed compounds establishes that the

Ho-ion dynamlca are strongly influenced by the crystal-field level

splittings,. The most ~triking result, however, ie a sharp shoulder in the

temperature dependence of the Ho spin-lattice relaxation rate at the

superconducting transition temperature Ta ‘“ 7.7 L for x - O*7. In orc%r to

lnveatlmate further the effects of uuperconductivlty on the Ho-ion

dynamlca, we have undertaken new measurement for the x = 0,35 and 0.02

Mya:ems. Hera we report primarily zero-field measurement :a 1n

(l!o,(12Lu,u8)Rh4B4, which becomes superconducting at Ta = 11.3 K.
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11. FKPERIMENTALDETAILS

The experimen:e were performed at the Clinton P. Anderson Meson

Physics Facility (LAMPF) using the zero-field, time-differential IJSR

technique.’ Briefly, a barn of spin-polarized muons ie etopped in the

sample of internst, and the relaxation

by observing the time evolution of the

positrons relative to the initial muon

temperature was varied between 3 K and

rate of :he muon spin ie monitored

spatial dtetribution of

polarization direction.

muon decay

The sample

room temperature

to within 0.1 K. The uample preparation ie described in

a?d waa regulated

Ref. 5.

111. lJATAANALYSIS

At different

relaxation function

A, Tm5fjK

temperature three distinct forme for the muon spin

Gz(t) were observed. These are plotted in Fig. 1.

At 50 K Gz(t) was found to be well described by the static zero-field

78relaxation function derived by Kubo and Toyabe ~ . This form of Cz(t) in

appropriate for a time-independent, Cauaeian di~tribution of local magnetic

ftelds at the II+ site. The ❑easured width of the field distribution, about

4 gauss, indicates that the M+ spin relaxation 1s caused primarily by U+

preceeaion about the hokt nuclear dipolar fie.ds. The return of the—.

long-time portion of Gz(t) to one-third lndicatee that the local field ts

708 Furthermore, theufkectlvely random in direction und static in nature.

Ilo-ion upins muet be fluctuating so rapidly that they produce no relaxation

of the D+ polarization at thin temperature.
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B. 15 K< TC50K

Ae the temperature is lowered the fom of Gz(t) changes, until at 15 K

~he relaxation function is well-described by a simple exponential (Fig. 1)

‘~z(t) = exp(-Alt), where Al is the V+ spin-lattice relaxation rate. The

dominant relaxation mechanism at T = 15 K 1s thus produced by the

fluctuatirlg Ho moments, as discussed below. In the temperature region 15 <

T < 50, the effective Gz(t) was taken to be the product

and the Kubo-Toyabe function, because the nuclear-

broadening ❑echanism are independent of each other.

of cn exponential

and ion-induced

C. T<T8

At T < T~ the fom of the relaxation function again chtingee,

exhibiting the two-component form seen in Fig. 1. These data were fit with

the function Gz(t) = (1 - a(T)) exp(-ut) + a(T) exp(-A2t). One finds that:

i) u is essentially independent of temperature, with an average

value of il.5 t 0.6 ~a-l, or about 130 C.

ii) a(T) ie about 0.6 at T M 11 K, and falls to 1/3 for T < 8 K

(~ig. 2, top).

iii) 12(T) falla exponentially with decreasing temperature below T~,

with an uctivutlon energy 9.8 t 1.3 K (Fig. 2, bottom). From theee facts

we conclude that the oboerved two-component relaxation function indicates

the oneet of quaatatatic Ho-ion motion at and below Ta. The relaxation

[unction ia characterized by an lnhomogeneuus line width u and a

local-field fluctuation rmte ~2(T), with ampiltude a(T). Tha 1/3 value of

a(T) nt IAJW tamperaturen ia lndlcatlve of a random, quaeiutatic field

dl~trihutlonp am for the nuclenr cam.
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expected inhomo~eneoue line width T2-1 using the

Walkerg for dipolar couplin~. (The hyperfine

conduction elc’-trone is small in metals, 10 and,

coupling dominatee indirect mechanisms such as

one must compute the thermal average of the

to the U+ spin) of the Ho-ion epin, <Sz>. As

discussed below, the cry~tal fields produce a two-level, 18ing-like wave

function for the Ho-ion ground state. This, together with the assumption

of short-range ferromagnetic order, 11 yields <Sz> -1/2. Using

geffPB _ 10.25 BBB11 we find T2-1 = 8 US-l, or about 95 C (using the muon

gyromagnetic ratio of 8.51 x 104 S-lG-l). This IS in reasonable agreement

with the value of a which we measure, confirming the assignment of dipolar

coupling and <he association of a with Inhomogeneous broadening.

1’!. RARE EARTHDYNAMICS

A. T>TS

At temperatures T > Ts the form of the measured relaxation functio.~

Gz(t) (Ffg. (l)) indicates that the Ho-spin system is In thn

fast-fluctuating or motional-narrowing regime, characterized by the

relation afm << 1, where Tm is the Ho-ion correlation time. The rel~tion

between the muon relaxation rate A, and Tm in zero field 10 therefore

given12 by an equation of the tom Al - CDTm, We have calelllatad the

power-averaged, dipolar coupling CD for the case of dilute, Iaing-like

magnetic tmpuritlec located at random sltee relaklve to the B+, using both

longitudinal and transverse ralaxatlon ❑echanioma. 12 Ue obtain CD - 5.5 x

lo14m-20 Alternatively, ona may ●stimate the Coupllng f roa the

lllll(mt)~(’neou~ line-width a, assuming that the 11+ expertencee a sudden



-6-

change in the local diFole field resulting from uncorrelated Ho-spin

fluctuations (the “strong-collision” mode17). one finds CD = K02, where K

is of order 5, and thus CD = 6.6 x 1014s-2, jn

other method of calculation. The values of tin-l

shown in Fig. 2 for T > T~.

B. T<T~

In the region of quaeistatic Ho-ion motion,

changing local-dipolar field adiabatically.

good agreement with the

obtained In this way are

the IJ+ spin followe the

Specifically, cme ~~7

Tin-l - 1.5 AZ. The temperature dependence of rm-l for T < T~ is shown in

Fig. 2.

v. DISCUSS1ON

The cause of Ho-ion relaxation is of considerable interest. Two basic

mechanisrq are possible, indirect sptn-spin exchange coupling (RKKY)12 or

direct relaxation due to s-- exchange (Korringa mechanism).13 For the RKKY

‘1 is independent of x for the‘1 is proportional to x, while Tmprocese, Tm

Korringa mechanism. The dipole coupling etrength CD IIS proportional to X2.

At T = 100 K, the measured IJSR rate Al for x > 0.35 is proportional to X2

(Fig. 3), indicating that the Korringa proceae io dominant. The same

mechanism has also !men tibaerved in SmRh4B4 at high temperatures. ‘4 For

11 K < T < 50 K the DSR rate is too large to be observed,5 and hence the

concentration dependence of Tin-l cannot be determined.

qtill possible to infer the relaxation mechanism.

For very dilute Gd- and Er-based systems, lhmagai

Nevertheless, it is

and Fradin15 report

that the RKKYprocess is dominant for ‘C u Ta. The low-lying eigenstates of

the crystal-field Ilamiltonian are very different in these syuteme compared

to (HoxLul-x)Rh4B4, however. We have computed the (RE)Rh4B4 level
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structure by diagonalizing the Hamiltonian for 42m point symmetry uaitig

the crystal-field parameters of Dunlap and Niarchos.16 In the Ho systems

the ground and first-excited states are each doubly degenerate, with nearly

pure lt8> and 1*7> wave functions, respectively. The first excited states

occur at T = 55 K. Allowed transitions from I*8> to 1?8> can therefore

only occur through small admixtures of different Jz eigenfunctiona in the

ground and excited states, which are separated by at least 55 K. Thue,

whether the relaxation occurs through Korringa or RKXY processes, the

magnitude of Tm‘1 in the Ho-based compounds at low temperatures should be

significantly smaller than for the. Gd or Er systems, where the eigenstates

allow significant ground-state relaxation. (The s-f exchange is assumed to

15,17) In fact, Tmbe nearly independent of the M in ~Rh4B4 compounds. -1

for (HOm02LUog8)Rh4B4 at T = 15 K is about 25 times ~reater than for

(ErmO002Y09998)Rh4B4 at the same temperature. We thus infer that the

concentration-dependent RKKY procese is dominant at T = T~ for both

‘1 in (Hem.j2hJ,98)Rh4B4 atcompounds. The temperature dependence of Tm

T ~ T~ is coneintent with an activated process where relaxation occurs only

via excited states. A similar behavior was observed in HoRh4B4. 5

-1 drops sharPIYAt T = Ts, Tm to a value about 100 times smaller than

the rate extrapolated ftom the data at T > Tm (Fig. 2Z bottom). In

addition, the temperature dependence changes as well. A less drastic

change in kE dyntimica for T 4 Ta is found by Kumigai and Fradin for

NE = Gd, Et’ ~ystemsp 15 albeit in an applied magnetic field. How this lar8e

change in Ho dynamics occurs 1s unknown, but the solution IS likely tied to

a deecri.ptlon of the exchan8e mechanism in the presence of both

superconductivity and the low-lying, crystal-field states. In particular,

the inverse-temperature dapen..’nce 01 Tin-l appaars to be exponential
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(though meamred only over 1 decade), but with an activation energy about

1/5 of the ground to first-excited-state splitting. NMRdata in YRh4B415

at T < Ts are con~istent with a superconducting gap parameter 2h8 - 6.6 Ts,

in contrast to the usual BCS value of 3.5 Ts. Interpreted in this way the

exponential activation energy tnich we measure corresponds 2AS - 1.8 Ts.

Such an association is speculative at this point, however. Fins y, the

gradual change of the fluctuating amplitude a(T) for T < T~ (Fig. 2, top)

may be due due to the presence of a mixed superconducting state, which only

becomes homogeneous as the temperature is lowered well below Ts.

*Work supported by the U.S. Doe, NSF Grant No. 7909223, and the

U.C. Riverside Committee on Research.

‘Permanent addr~sa: Laboratories d’Interactions Hyperfines, CENG, 85X

38041, Grenoble, France.

*permanent address: Tata Institute of Fundamental Research, Bombay, India
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FIGURE CAPTIONS

1. Zero-field muon spin relaxation function Gz(t) vs. che time between

+
v stop and decay. The lines are fits to the respective functions

as discussed in the text.

2. Top : Amplitude of the fluctuating component of the muor spin

relaxation function Gz(t) vs. temperature.

Bottom: Ho-ion fluctuation rate ‘1 vs. inverse temperature‘m

Note the break in logarithmic scale. The dotted linee in both top

and bottom are ehc-wn to guide the eye.

3. Muon spin relaxation rate Al vs. square of Ho-ion concentration in

HoxLul-xRh4B4 ● Data for x = 1.0, 0.70, 0.35, and 0.02 are shown.

The x - 0.02 datum is at the origin.
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